Abstract: Tip-based plasmonic nanofocusing, which delivers light into a nanoscale region and achieves localized electromagnetic (EM) field enhancement beyond the diffraction limit, is highly desired for light-matter interaction-based super-resolution imaging. Here, we present the plasmonic nanofocusing at the apex of a silver (Ag)-coated fiber tip with the internal illumination of a radial vector mode (RVM) generated directly in an optical fiber based on an acoustically-induced fiber grating (AIFG). As illustrated by theoretical calculation, a picture of the nanofocusing plasmonic tip given by analyzing the mode conversion process that the surface plasmon polariton (SPP) mode excited via the radial polarization optical mode can propagate to the apex of the plasmonic tip for nanofocusing because it is not cut off as the tip radius decreases; while the SPP mode which transited from the linear polarization optical mode cannot propagate to the tip apex for nanofocusing because it is cut off as the tip radius decreases. The electric field intensity enhancement factor 2 2 apex input | |/| E E | of a plasmonic tip with a tip radius of 20 nm was calculated to be ~2 × 10 3 . Furthermore, the electric field enhancement characteristic at the tip apex was also experimentally verified by using surfaceenhanced Raman spectroscopy (SERS). The Raman scattering intensity was observed to be ~15 times as strong as that with internal illumination using the linear polarization mode (LPM), revealing their significantly different nanofocusing characteristics. A Raman sensitivity of 10 −14 m was achieved for the target analyte of malachite green (MG), denoting significant electric field enhancement and effective plasmonic nanofocusing. The energy conversion efficiency of the radial polarization optical mode to the corresponding SPP mode at the tip apex was measured to be ~17%. This light delivery technique can be potentially further exploited in near-field microscopy with improved resolution and conversion efficiency.
Introduction
Nanoscience has been driven by rapid progress in plasmonics due to its sub-diffraction limit characteristics. With the development of nanoscience, tip-based plasmonic nanofocusing to achieve localized electromagnetic (EM) field enhancement within nanoscale [1] has been widely demanded in areas of super-resolution near-field microscopy [2] for ultrafast nanoimaging [3] [4] [5] , chemical imaging [6, 7] , biophotonic sensing [8, 9] , etc. Several methods have been proposed to improve the energy conversion efficiency [10, 11] , spatial resolution [12, 13] , and experimental reproducibility [14, 15] , but the challenge still remains in efficiently delivering light into a nanoscale region without surrounding background light. Background signal excitation may limit sensing performance in some applications [16] . In the common approach that employs a laser beam to focus directly on a metallic tip in free-space optics to excite localized surface plasmons at the tip apex [17] [18] [19] [20] , the mismatch between the nanoscale tip apex and the microscale focal spot inevitably results in low efficiency and substantial background light. By coupling surface plasmons onto metallic tips via the grating carved on the shaft [21] [22] [23] [24] , the background noise can be solved, but the electric field enhancement is degraded [24] .
In contrast to plasmon mode excitation from free space, light can be transmitted via an optical fiber to metallized tips [25, 26] , which can avoid the background issue and have the advantages of high energy conversion efficiency, good flexibility, and reduced sample heating [27] . However, it is challenging to achieve plasmonic nanofocusing on apertureless metallized tips. Special metallic nanostructures such as semicircular spiral corrugations [28] and spiral conical structures [29] must be employed for the linear polarization mode (LPM) to excite surface plasmon polaritons concentrating at the tip apex. It has been proposed and theoretically verified [27, 30, 31] that the radial vector mode (RVM) can realize plasmonic nanofocusing on the metallized fiber tip without complex nanostructures. The tip apex was internally illuminated by coupling the free-space RVM into an optical fiber [32, 33] . However, it is difficult to couple the free space RVM into an optical fiber and ensure that the polarization characteristic of the fiber RVM is consistent with that of the free space RVM [34] , because the coupling alignment process requires precise calibration and its stability is susceptible to environmental influences. Therefore, it is essential to directly generate RVM in an optical fiber to realize plasmonic nanofocusing at the apex of the metallized fiber tip. In our previous work [35] [36] [37] [38] [39] , we successfully realized the generation of the structured light beams including cylindrical vector beams and optical vortices in an optical fiber. Based on the polarized dependence vector mode coupling characteristic of the acoustically-induced fiber grating (AIFG), the RVM can directly be generated in a conventional few-mode fiber (FMF), which paves the way to achieve the plasmonic nanofocusing on metalized fiber tips.
Here, we present plasmonic nanofocusing at apex of a silver (Ag)-coated fiber tip with the internal illumination of an RVM directly generated by using the AIFG technique. Based on the theoretical calculation of the eigenvalue equations and the numerical simulation of the wave propagation, the modes conversion process [27] from LPM and RVM to the corresponding SPP modes can be illustrated, and different focusing behaviors of the SPP modes can be ascribed to the mode propagation characteristics upon adiabatic tapering, i.e. whether a SPP mode is cut off or not. The electric field intensity enhancement factor
is theoretically calculated to be ~2 × 10
3
. Surface enhanced Raman spectroscopy (SERS) was used as the experimental evidence of electric field enhancement to demonstrate the realization of plasmonic nanofocusing at the tip apex. The intensity of the Raman signal using the internal illumination of RVM is observed to be 15 times as strong as that using LPM. The difference in Raman enhancement clearly illustrates different focusing characteristics of LPM and RVM. Under RVM internal illumination, the detection sensitivity of the Ag-coated fiber tip could reach 10 −14 m for the target analyte of malachite green (MG), which shows that plasmonic tip nanofocusing has been realized. The energy conversion efficiency of RVM to the corresponding SPP modes at the tip apex was measured to be ~17%, which is higher than that of other aperture-based tips (typically 0.001-0.01%) [40] and hybrid tips (typically 0.15%) [33] .
Results and discussion

Design of plasmonic tip for nanofocusing
A tapering cylindrical waveguide model that satisfies the adiabatic approximation is considered to illustrate a complete picture of mode conversion from LPM and RVM to the corresponding SPP modes. The model of a metallized fiber tip, as shown in Figure 1A , adopts Ag as the coating material because of its smaller ohmic loss than gold in the visible band [41] . The coupling, propagation, and nanofocusing characteristics of the SPP guided modes on the tip excited via LPM and RVM are simulated. The LPM ( OM 11 HE ) and RVM ( OM 01 TM ) in the optical fiber can be used to excite the corresponding SPP modes ( SPP 11 HE and SPP 01 TM ) that are localized at the metal-air interface of the tip [42] . The superscripts "OM" and "SPP" denote an optical mode in the optical fiber and an SPP mode on surface of the metallized optical fiber, respectively.
Based on the eigenvalue equations of SPP/OM 01 TM and SPP/OM 11 HE (see Supplementary Information), the effective refractive indices of the optical fiber modes and the corresponding SPP modes are plotted as functions of R 1 in Figure 1B and C, respectively. Note that OM 11 HE can excite SPP 11 HE at R 1 = 312 nm and TM at R 1 = 180 nm in the tapered fiber with wave vector matching condition to be satisfied [27] . After being excited, the SPP modes propagate toward the tip apex with varied effective refractive indices due to varying radii, which are plotted as functions of R 2 in Figure 1D TM is always a guided mode that can reach the tip apex to achieve nanofocusing. Theoretically, n eff approaches infinity and thus the wavelength (λ/n eff ) approaches zero, implying that the convergence of SPP 01 TM at the tip apex results in electric field intensity enhancement. However, the n eff of SPP 11 HE decreases with decrease of R 2 , and is cut off at R 2 = 49 nm. Based on the calculation results of the effective refractive indices of the SPPs modes with the change of radius, it can be known that SPP 01 TM is the fundamental mode while the SPP 11 HE is the first-order mode. In other words, the firstorder optical mode ( OM 01 TM ) excites the fundamental SPP mode ( SPP 01 TM ), whereas the fundamental optical mode ( OM 11 HE ) excites the first-order SPP mode ( SPP 11 HE ) that cannot converge at the apex of the Ag-coated fiber tip. In addition, to ensure SPP 01 TM can propagate to the tip apex with minimal non-ohmic loss, the adiabatic parameter
< < must be satisfied [43] . With tip parameters shown in Figure 1A , the adiabatic parameter δ can be calculated, and the corresponding calculated result is shown as the inset in Figure 1D . Note that δ increases from 0.02 to 0.32 as R 2 decreases from 80 nm to 20 nm. Thus, SPP 01 TM can propagate with insignificant non-ohmic loss due to the satisfaction of the adiabatic approximation condition illustrated in the inset of Figure 1D , while it ends up with highly localized surface plasmons as implied by its effective mode index (n eff ) that approaches infinity.
The three-dimensional finite-difference time domain (3D FDTD, Lumerical) method was used to investigate the coupling, propagation, and nanofocusing of SPP modes on the surface of the Ag-coated fiber tip internally excited via OM 11 HE and OM 01 TM , as shown in Figure 2A . Because HE was selected as the excitation source and marked as OM 11 HE . Figure 2B and C are the electric field intensity distributions in the x-z and y-z planes along the Ag-coated fiber tip internally excited via OM 11 HE . Not that SPP 11 HE is only excited on the surface of the Ag-coated fiber tip in the y-z plane, but not in the x-z plane, because OM 11 HE only has an electric field component perpendicular to the surface of the Ag film in y-z plane. Figure 2D is the transverse electric field intensity distributions of OM 11 HE and SPP 11 HE at the position of R 1 = 312 nm with wave vector matching condition to be satisfied [27] , and the corresponding polarization distributions of OM 11 HE and TM versus R 2 .
SPP 11
HE is shown in Figure 2E . The electric field intensity distribution of SPP 11 HE at 2 nm underneath the Ag-coated fiber tip is shown in Figure 2F , revealing that SPP 11 HE cannot achieve nanofocusing at the tip apex. The simulation result is consistent with the theoretical calculation that SPP 11 HE can be excited on the surface of the Ag-coated fiber tip, but it cannot propagate to the tip apex for nanofocusing. Figure 2G is the electric field intensity distributions in the y-z plane along an Ag-coated fiber tip excited via OM 01 TM . Note that SPP 01 TM is excited on the surface of the Agcoated fiber tip and a nanoscale focus spot is achieved at the tip apex. Figure 2H is the transverse electric field intensity distributions of TM at the position of R 1 = 180 nm with wave vector matching condition to be satisfied [27] , and the corresponding polarization distributions of TM is shown in Figure 2I . Figure 2J is the electric field intensity distribution of SPP 01 TM at 2 nm underneath the Ag-coated fiber tip with electric field intensity enhancement factor TM is not cut off and can propagate to the tip apex for achieving nanofocusing.
Generation of in-fiber RVM
The AIFG method was adopted to generate RVM in an FMF [35] . A radio frequency (RF) driving signal with f = 1.305 MHz was applied on the acoustic transducer to generate an acoustic flexural wave along the unjacketed FMF in the setup, as shown in Figure 3A . The resultant AIFG with grating period Λ = 526.5 μm enabled the intermodal coupling between OM 11 HE and OM 0 TM . The intensity pattern of RVM output was examined from the flat end of the FMF, as shown in Figure 3B , and the polarization distributions were examined by inserting and rotating a polarizer (P 2 ) between FMF and a charge coupled device (CCD), as shown in Figure 3(b 1 -b 4 ) . The examined results of intensity and polarization distributions of the output from the conical fiber tip are shown in Figure 3C and (c 1 -c 4 ) , respectively. Note that the output still kept the radial polarization distribution after transmission through the conical fiber tip. The radial polarization distribution of the OM 01 TM is helpful to achieve plasmonic tip nanofocusing, because the corresponding excited TM at 2 nm underneath the Ag-coated fiber tip.
Preparation of the Ag-coated fiber tip
A conical fiber tip with an angle of 10° was fabricated at the flat fiber end by the heating-pulling method [44] . Then, the Ag-coated fiber tip was prepared by the photochemical deposition method [45] [46] [47] . The Ag film thickness was optimized because of its importance for the nanofocusing performance of Ag-coated fiber tips [48] . The Ag film thickness and surface topography were controlled by three main factors including the reaction solution concentration, the reaction time, and the laser power. The film thickness was controlled by adjusting the reaction time, i.e. 10 min, 15 min, 20 min, 25 min, 30 min, and 35 min in the experiment, while the reaction solution concentration and the laser power were kept constant. Figure 4A apex with different thicknesses of Ag film and internally excited using RVM. Figure 4B is the histogram of the intensities of the 1613.5 cm −1 characteristic peak, showing that the optimized result was obtained with 20 min reaction time. Figure 4C is the scanning electron microscope (SEM) image of the Ag-coated fiber tip fabricated with a 20-min reaction time, and the diameter of tip apex is measured to be ~50 nm, as shown the inset in Figure 4C . A local area with part of the Ag film stripped off was magnified and is shown in Figure 4D . Note that the Ag film was compact and continuous with thickness less than 100 nm. The 20 min reaction time was adopted to fabricate the Ag-coated fiber tips to carry out successive experiments.
Plasmonic nanofocusing using
Ag-coated fiber tip with internal illumination of RVM SERS was used to examine the field enhancement effect of plasmonic tip nanofocusing. Under illumination of LPM ( , and 10 −14 m) adsorbed on the Ag-coated fiber tips, the Raman spectra were measured under RVM illumination, as shown in Figure 5B . The characteristic peaks can be distinguished clearly even with the concentration down to 10 −14 m, which indicates that the plasmonic tip nanofocusing has been achieved based on internal excitation of the in-fiber generated RVM. Furthermore, the energy conversion efficiency is also estimated. The output power of the Ag-coated fiber tip was measured to be ~600 μW under RVM internal illumination with power of 3.5 mW. Thus, the energy conversion efficiency of the Ag-coated fiber tip can be estimated to be ~17% under condition of internal excitation of RVM. It is higher than that of other aperture-based tips (typically 0.001-0.01%) [40] and hybrid tips (typically 0.15%) [33] .
To compare the nanofocusing characteristics of external and internal illuminations on the Ag-coated fiber tip, the plasmonic tip nanofocusing characteristic with external illumination was also examined. As shown the inset in Figure 5C , the LPM was focused at apex of the Ag-coated tip via a micro-objective (MO) MO 4 (NA = 0.45) with an excitation power of 3.5 mW. The linear polarization direction was adjusted to parallel with the tip axis to obtain the maximum EF [48] . Note that most of characteristic peaks could not be distinguished in the Raman spectra of MG (10 −13 and 10 −14 m), as shown in Figure 5C . In addition, an RVM was focused on the tip apex along the tip axis via MO 3 (NA = 0.70) with an excitation power of 3.5 mW, as shown the inset in Figure 5D . There exists a strong longitudinal electric field component of RVM under conditions of tight focusing [49] , and two orders of magnitude of EF can be achieved at the tip apex [50] . However, most of the Raman characteristic peaks of MG (10 −13 and 10 −14 m) could not be effectively excited, as shown in Figure 5D . Compared Figure 5B and D with Figure 5A , it can be known that the EF of the tip internally excited via RVM is better than that of externally excited tips via LPM and RVM.
Methods
Simulation methods
In the model shown in Figure 1A , the thickness of the Ag film was set as h = 80 nm, and the plasmonic tip has a hemispherical head with radius r = 20 nm. The dielectric constants of the optical fiber tip, the Ag film and the surrounding medium were ε 1 = 2.25, ε 2 = −18.281 + 0.48108i and ε 3 = 1 at wavelength of λ = 632.8 nm, respectively. The effective index curves shown in Figure 1B -D were obtained by numerically calculating the eigenvalue equations of optical and SPP modes (see Supplementary  Information) .
The 3D FDTD, Lumerical method was employed to visually investigate the internal illumination process via OM 11 HE and OM 01 TM . The optical fiber vector modes OM 11 HE and OM 01 TM were analyzed with the help of the mode source analysis function of the FDTD software. The FDTD model of the Ag-coated fiber tip was constructed using the same parameters in the mentioned theoretical calculation, as shown in Figure 2A , in which a hemispherical head with radius r = 20 nm was assumed for the tip apex.
The AIFG method for generating the structured light beams
In our developed acousto-optic coupling technology [35] [36] [37] [38] [39] , the acoustic flexural wave generated by a piezoelectric transducer can induce antisymmetric refractive index modulation on the cross-section of fiber core to achieve intermodal coupling, which observes the selection rules [35, 36] . In addition, the wave vector matching condition demands the grating period of the AIFG, which is controlled by the acoustic frequency, to be equal to the beat length of the two coupling modes. In-fiber generation of cylindrical vector modes [35, 37] and vortex modes [36, 38] and a fully electronic controlled switchable mode generator [37, 39] have been demonstrated. This work adopted the RVM generated with intermodal coupling x 11 01 HE TM . → A He-Ne laser was adopted as the light source, followed by a laser line filter (F) to eliminate side modes, as shown in Figure 3A . The light was linearly polarized via a polarizer (P 1 ), and the polarization orientation was then adjusted through a half wave plate (HWP). A mode stripper, which was made of five turns of FMF wound on a 5 mm diameter rod, was used to filter out the high-order vector modes to retain a pure OM 11 HE mode in the core of FMF. The diameter of the FMF for forming AIFG was etched down to 40 μm with hydrofluoric acid to adjust the central wavelength and increase the acousto-optic coupling efficiency within the 8 cm-long etched segment.
Fabrication and characterization of Ag-coated fiber tip
The flame heating-pulling method [44] was used to prepare the conical fiber tip with an angle of 10°. The photochemical deposition method [45] [46] [47] was used to coat the Ag film onto the surface of the fiber taper. The Ag film thickness was optimized by adjusting the reaction time while reaction solution concentration and laser power were kept constant. The reaction solution was the mixture including silver ammonia solution (0.02 g/ml AgNO 3 solution and a moderate amount of ammonia water) and potassium sodium tartrate (0.1 g/ml) with a volume ratio of 1:1. The laser power was kept 400 μW during the deposition process. The surface topography of the Ag-coated fiber tip was characterized by SEM.
Examination of plasmonic tip nanofocusing
The SERS technology was used to examine the nanofocusing performance of the Ag-coated fiber tip. An Ag-coated fiber tip was fabricated by the light-induced chemical deposition method [45] [46] [47] , and then soaked in a solution at a specific molar concentration to adsorb target analyte onto the surface of the Ag-coated fiber tip. The MG was adopted as a target analyte in this experiment. The Raman scattering of the target analyte adsorbed on the tip surface was excited under internal illumination of an in-fiber light beam that can be set as RVM or LPM by switching on or off the RF driving electric signal, as shown in Figure 3A . The generated Raman signal was collected by a fiber adopter (FA) after filtering out the Rayleigh scattering spectrum and then coupled into a spectrometer (Andor SR-500i-B1-R-1F1), as shown in Figure 6 . For the 10 mW He-Ne laser used in this experiment, the illumination power was 3.5 mW, i.e. the output power in fiber as measured from the flat fiber end facet shown in Figure 3A , and the power emitting from the Ag-coated fiber tip apex was ~600 μW.
Conclusion
In summary, we present the plasmonic nanofocusing at apex of the Ag-coated fiber tip with internal illumination of RVM directly generated in FMF by using AIFG. The simulation results demonstrate that the LPM and RVM can be converted to the corresponding SPP modes. Only SPPs internally excited using RVM can achieve plasmonic focusing at the tip apex with calculated EF to be ~2 × 10
3
, whereas SPPs internally excited via LPM are cut off during propagation. Internal and external illuminations with RVM and LPM on the Ag-coated fiber tip have been examined using the Raman spectrum. Significantly different nanofocusing characteristics between internal RVM and LPM illumination are shown through the experimental results that intensity of Raman signal using internal illumination of RVM is observed to be 15 times as great as that using LPM. The detection sensitivity can reach 10 −14 m for MG target analyte under RVM internal illumination, denoting significant electric field intensity enhancement and effective plasmonic nanofocusing at the tip apex. The energy conversion efficiency of the RVM coupling to the corresponding SPP modes at apex of the Ag-coated fiber tip is estimated to be ~17%. The nanoscale light source developed in this work may be further exploited in fields of super-resolution imaging with strongly-enhanced light-matter interaction. 
